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Abstract 

Cellular differentiation by the vitamin A derivative retino- 
ic acid (RA) has been studied with undifferentiated pluri- 
potent ^bryonic carcinoma (EC) and embryonic stem 
(ES) ce^s in vitro. Both cellular systems are suitable to 
study differentiation of various cell types, because they 
recapitulate early stages of mouse embryogenesis. In 
vivo, RA was identified as a morphogenic and terato- 
genic compound and furthermore as a signalling mole- 
cule influencing gene expression in a complex manner 
via a family of RA receptors. Here, we summarize in vitro 
studies with ES and EC cells in comparison to in vivo 
studies that have contributed to our understanding how 
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RA influences differentiation and regulates gene expres- 
sion. We demonstrate that modulation of ES cell differ- 
entiation in vitro by RA depends on the concentration 
and developmental stage of application which is compa- 
rable to its stage-dependent influence on embryonic 
development in vivo. 

Copyright© i399S.KargerAG, Baaai 



Introduction 

A prerequisite to study cellular differentiation in vitro 
is the availability of model systems that closely resemble 
development in vivo. Mouse embryonic stem (ES) cells, 
derived from the inner cell mass of mouse blastocysts, are 
undifferentiated, pluripoteni cells that have the capacity 
to differentiate into cell types of all three primary germ 
layers [Doetschman et al., 1985]. In vivo, ES cells have 
therefore been used for gene targeting experiments to gen- 
erate genetically altered mice [Thomas and Capecchi, 
1987]. In vitrOj ES cells spontaneously differentiate into 
many cell types and were used as a rnodel system to study 
differentiation of cardiac [Wobus et al., 1991; Maltsev et 
al., 1993, 1994; Wobus and Guan, 1998], myogenic [Roh- 
wedel et al., 1994, 1995, 1998b], hematopoietic [Schmili 
et al., 1991; WUes, 1993], epithelial [Bagulti ei al., 1996], 
neuronal [Bain et ai., 1995; Fraichard et aL, 1995; Strii- 
bing et al, 1995; Okabe et al., 1996], vascular smooth 
muscle [Drab et al-, 1997] and adipogenic [Dani et al., 
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1997] cells (fig, I)- In contrast, undifTcreniiaied teratocar- 
cinoma-derived embryonic carcinoma (EC) cells fail to 
differentiate into germ cells in vivo. Furthermore, EC 
cells have to be induced to differentiate in vitro. 

During ES cell differentiation, tissue-specific genes, 
proteins, ion channels and receptors are differentially 
expressed in a pattern closely resembling the pattern 
observed during mouse embryogenesis [reviewed by 
Goan et al., 1999" see fig. 1]. This model system enables 
one to study modulation of differentiation by 'gain-of- 
function' and Hoss-of-function' approaches and the in- 
fluence of exogenous factors on differentiation such as dif- 
ferentiation factors, growth factors, signalling molecules 
and exiracellijftaj matrix proteins [e.g. Simon et al., 1992; 
Braun and Arnold, 1 994; Rohwedel et al., 1 994; Wobus et 
al., 1994b; Rohwedel et al., 1995; Soudais ci al., 1995; 
Fassler et al., 1996; Wobus et al., 1997; Rohwedel et al., 
1998a], With this system, we studied the influence on dif- 
ferentiation of one of ihe most important differentiation- 
inducing factors, the vitamin A derivative retinoic acid 
(RA). 

Since the beginning of this century vitamin A has been 
known to be an importan t nutriiional compound that par- 
ticularly plays an important physiological role during the 
visual cycle [reviewed by Wolf, 1996]. Vitamin A depri- 
vation during pregnancy or the early postnatal phase 
results in embryonic malformations [Wilson and Arkany, 
1949; Wilson et al., 1953]. The finding that administra- 
tion of RA could prevent these malformations suggested 
that RA was the biologically active form of vitamin A. RA 
also has a teratogenic capacity since embryonic malfor- 
mations were observed when an excess of retinoids was 
applied [Lammer et al, 1985]. More recently, it has 
become clear that RA functions as a hormone with impor- 
tant regulatory functions during embryonic development 
[reviewed by Morriss-Kay and Sokolova, 1 996]. Evidence 
exists that RA is a morphogen that forms a concentration 
gradient along embryonic axes and affects the anteropos- 
terior patterning of the body axis and the limbs [Kessel 
and Gruss, 1991; Chen et al., 1992; Chen and Solursh, 
1992; Hogan et aL, 1992]- In vitro, RA induces differenti- 
ation of EC cells and ES cells into specific cell types in a 
time- and concentration-dependent manner [Strickland 
and Mahdavi, 1978; Edwards et al., 1983; Jones-Villc- 
neuve et al., 1983; Rudnicki and McBumey, 1987; Wobus 
et al., 1994a, b; Blank et al., 1995; Fraichard et al., 1995; 
Stiijbingeial., 1995; Wobus eial., l997;Danietal., 1997; 
Drabetal.3 1997]. 

Furthermore, retinoids can influence carcinogenesis. It 
has been shown that transformation of cells by chemical 
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substances can be prevented by application of retinoids. 
In vivo, retinoids were found to inhibit tumor develop- 
ment in animals and humans and therefore may serve as 
therapeutic agents in cancer chemoprevention [reviewed 
byLoian, 1996). 

The diverse effects of RA on embryonic development 
in vivo and cellular differentiation in vitro might be 
explained by complex mechanisms that regulate gene 
expression. RA is known to influence gene expression via 
two families of nuclear RA receptors, the retinoic acid 
receptors (RARs) and the retinoid X (9-^i^ RA) receptors 
(RXRs). Numerous isoforms of these receptors exist that 
bind to response elements of RA target genes [reviewed by 
Chambon, 1996]. 

Here, we summarize the teratogenic and morphogenic 
effects of RA in vivo, and the effects of RA on EC and ES 
cell differentiation in vitro. Furthermore, we briefly dis- 
cuss the differentiation-inducing and antitumorigenic ef- 
fects of RA and its molecular mechanism of action. 



Teratogenic Effects of RA 

Application of RA during embryogenesis resulted 
mainly in severe defects of craniofocial structures includ- 
ing the central nervous system [Lammer et al,, 1 985; Dur- 
ston et at., 1989], the limbs [Kochhar, 1973; AUes and 
SuliJc 1989; Eichele, 1989; Tabin, 1991] and the axial 
skeleton [Sive et al., 1990; Kessel and Gruss, 1991; Kes- 
sel, 1992], From 154 human females exposed to isotreti- 
uoin during pregnancy only a minority ('--17%) had nor- 
mal infants whereas most (-69%) had abortions and 
14% of the newborns showed malfoTmations [Lammer et 
al., 1985]. Malformations were observed in the central 
nervous system (86%), in craniofacial structures (8 1 %), in 
the heart (57%) and in the thymus (33%). In mice, the 
skeletal malformations were not restricted to camiofacial 
structures but extended to the vertebrae and especially the 
limbs [Kochhar. 1973], The multiple teratogenic effects of 
RA were strongly dependent on the concentration and 
time of application. For example, treatment of mouse 
pregnant females with ^H-trans RA at day 10 of gestation 
resulted in a complex pattern of malformations including 
craniofacial structures and the loss of vertebrae, whereas 
treatment between day 12 and 14 induced primarily limb 
defects [Kochhar, 1973]. Since most of the affected struc- 
tures are derived from the neural tube and its derivatives, 
such as the neural crest cells, one might speculate that 
these first visible axial structures are most sensitive to 
RA. 
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Fig, 1, ES cell dinereniiaiion in vitro rccapiiulaies early embryonic 
development in vivo, ES cell-derived crabryoid bodies difTerentiaUy 
express genes charaaeristic for early mesodermal (T. BMP-4) and 
ncuTocclodcrmal developmem (Pax-6, Ma\h-1) and for cardiac 
(Nkx2.5, alCaCh. a-MITQ P^MHC. ANF^^ MLC-2V), myoeenic 
(Myfi, Myogenin, MyoD, Myf6, M-cadheriii. y-nAChR and ^ 
nAChR), neuronal (NFL, NFM. Wm-L NFH, Synapiophysin, Ncuro- 
ctm), epiihelial (keratins -fiT/ 5. K14, KW and involucrin) and vascular 
smooth muscle cell differentiation (V-SM-MHC-A, AII-R, SM-a- 
AcTin) in a panem closely resembling the pancm observed during 
mouse cmbryogenesis. s.c. = Subcutaneous; ICM = inner cell mass; 
T = Brachyury; = bone morphogenic protein 4; al CaCh = ai 

subunii of ihe I/: type calcium channel; MHC = myofiin heavy chain: 
ANF = atrial natriuretic factor, MLC = myosin light chain; nAQiR = 
nicotinic acetylcholine receptors NFL = 63-kI3a neurofilament pro- 
tein; NFM = 1 60-lcDa neurofilament prulcin; NFH = 200-kDa neu- 
rofilament protein; V-SM-MHC = vascular smooth muscle myosin 
heavy chain; A II-R = angiotensin II receptor; SM = smooth muscle 
[data from Maltsev ei al., 1993, 1994; Rohwcdcl cl al, 1 994; Rose ct 
al., 1994; Strubing ct aL, 1995; Bagutti et al., 1996; Drab et al., 1 997; 
Wobus et al., 1997; Rohwcdcl et al., 1 998a, b]. 



Rg. 2. RA modulates Hox gene expression and axis determination. 
Hox genes (filled boxes), assigned to 13 paralogous ero^ps based on 
their location and sequence homology, are depicted in ihe upper 
panel in comparison to the colincarity of their spatiotemporally 
expression along the anteroposterior axis and their response to RA. 
Homeoiic transformations that result either in posteriorization or 
antcrioiizauon of vertebrae are caused by application of RA to preg- 
nant female mice at day 7.3 or 8.5 of gestation, respectively, as sche- 
matically demonstrated for vertebrae 11, 12, 24 and 25 in the lower 
panel. The phenorypcs of the last cervical and first lumbar vertebrae 
arc presented as open boxes and the phcnoiypes of the first and last 
thoracic venebrac arc presented as filled boxes. After application of 
RA at day 7.3 the phenotype of vertebra 1 1 shifted firom the last 
cervical (first line, Open box 1 1) into the first thoracic vertebra (sec- 
ond line, filled box 1 1) and the phenotype of venebra 24 from thelast 
thoracic (first line, fdled box 24) into the Hist lumbar vertebra (sec- 
ond line, open bo:^ 24). Thus, both 1 1 and 24 achieve a posterior 
phenotype. Vice versa, after application of RA at day 8.5 vertebra 25 
changed its phenotype from the first limibar (firSL line, open box 25) 
into the phenotype of the last thoracic venebra (third line, filled box 
25). a more anterior phenotype [modified from Krumlauf, 1994]- 
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Influence of RA on Anteroposterior Pattern 
Formation in vivo 

The most striking effect of RA was observed in the 
axis formatfon of Xenopus [Sieve et al., 1990] and mice 
[Kessel and Gniss, 1991; Kessel, 1992; Marshall et aL, 
1992] where it was accompanied by an altered expres- 
sion of Hox genes (fig. 2). Hox genes encode transcrip- 
tion factors which contain a conserved DNA binding 
homeodornain [Scott et aL, 1989]. They are arranged in 
clusters in the genome and are expressed in vertebrates 
along the dorsal axis in a coordinated manner, so that 
the 3Mocaied genes are expressed earber and in the ante- 
rior region whereas the 5'-]ocated genes are expressed lat- 
er ai3d in the posterior region (fig. 2). Thus, along the 
embryo axis different sets of Hox genes are active, spe- 
cifying all the regions of the embryo including specific 
subsets of organs [Hunt and Kninilauf, 1991; Kessel and 
Gruss, 1991]. RA txeatmeni in mice resulted in homeotic 
transformations of vertebrae depending on the concen- 
tration and the embryonic stage at the time of RA appli- 
cation. For example, application of RA at day 7.3 of ges- 
tation resulted in posterior transformations, whereas ap- 
plication at day 8.5 resulted in anterior transformations 
or agenesis of posterior segments (fig, 2), Posterior trans- 
formation s^^ere accompanied by an anterior shift of 
Hox gene expression and anterior transformations were 
accompanied by down regulation of Hox gene expression 
in the posterior part (Kessel and Gross, 1991; Kessel, 
1992; Knimlauf, 1994]. 

During chicken embryogenesis RA is synthesized by 
Hensen's node, a structm-e important for body axis induc- 
tion and formation [Chen ct al, 1992]. Grafting experi- 
ments have shown that the mouse and avian node can 
induce digit duplications in* the avian wing similar to 
those produced by local administration of RA [Hogan et 
al., 1992]. In addition, at least in some cases, mice carry- 
ing *loss-of-function' mutations in Hox genes showed 
transformations of skeletal elements along the anteropos- 
terior axis [Le Mouellic et al , 1 992; Jeannotie et aL, 1993; 
Ramirez-Solis et al., 1993]. Since Hox gene expression 
can be induced by RA and, funhcrmore, RA response ele- 
ments which bind RAR/RXR heterodimers have been 
detected in Hox genes [Yu et al., 1991; Popperl and 
Featherstone, 1993; Marshall et al., 1994], it seems possi- 
ble that RA plays an important role in the regulation of 
Hox gene c)d)rcssion and thus in the specification of the 
body axis. However, it is also clear that embryonic axis 
formation is a complex procKs regulated by additional 
factors such as fibroblast growth factors, bone morphoge- 



netic proteins (BMPs), sonic hedgehog and signalling mol- 
ecules of the Wnt family [Sasai and De Robcrtis, 1 997]. 

Concentration* and Time-Dependent Effects of 
RA on the Differentiation of EC and ES Cella 
in vitro 

In accordance with the data obtained in vivo, RA 
influenced in vitro the expression of Hox genes in EC cells 
in a way that the 3'-located Hox genes are activated at 
lower concentrations of RA than the genes located to- 
wards the 5' end [Breierctal, 1986; Simeone etal., 1990; 
Bonicelli et al., 1991]. In addition, developmentally regu- 
lated RA target genes were isolated from EC cells after 
RA-induced differentiation [Boudjelal et al., 1 997], Fur- 
thermore, similar to the in vivo situation, RA showed a 
concentration- and time-dependent effect on differentia- 
tion of EC and ES cells in vitro [Edwards and McBumey, 
1983; Rudnicki and McBuraey, 1987; Wobus et al., 
1994b]. 

When RA was applied at a concentration of 10-"^ to 
10-5* M during the first 2 days of ES [Striibing et al., 1995] 
and EC [Jones-Villeneuve et al., 1983] ccU-derived em- 
bryoid body development, neurogenesis was induced, 
whereas cardiogcnesis was strongly inhibited (fig. 3). Re- 
cently, it has been shown that retinoid receptors are criti- 
cal for neural posteriorization [Blumberg et al., 1997] and 
evidence exists that neuronal differentiation is controlled 
by anteroposterior patterning and requires posterioiizing 
signals [Papalopulu and Kintner, 1996]. 

In vivo this picture might be further complicated since 
evidence has been presented that neural induction and 
posteriorization arc independent events [Kolm and Sive, 
1997]. Neuronal induction might be caused by factors 
such as noggin, chordin or follistatin that inactivate BMPs 
[Piccolo et al., 1996; Kolm and Sieve, 1997]. The absence 
of BMPs could be sufficient to induce neuronal differenti- 
ation [Hemmati-Brivanlou and Melton, 1997]. 

With respect to inhibition of cardiac differentiation, 
posteriorization caused by RA may result in a lack of 
mesodermal precursors from which cardiomyocytes de- 
velop. In fact, cardiac cells develop from anterior lateral 
plate mesoderm. A block of cardiac differentiation was 
also reported for Xenopus embryos treated with RA at an 
early stage of development [Drysdale et al., 1997], Fur- 
thermore, myocardial embryopaihic defects were ob- 
served in malformed human infants after exposure to reti- 
noids during pregnancy [Lammer et al., 1985]. These 
results suggested that hiducrion of neuronal differcntia- 
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Fig, 3. Stagc-spccific influence of RA on ES cell differeniiation. ES 
cells were differenriaicd via cmbryoid bodies (CTs). Scanning elec- 
tron micrographs of 2-, 5- and 7-day-old erabryoid bodies arc shown 
on the left. Embryoid bodies were treated vith diflereni concenira- 
licras o[^]l-lrans RA during defined culiivation stages: from day 0 lo 
2, day 2 to 5 and after day 5- The influence of RA treatment on the 
differentiation efficiency of neuronal cells (NQ, slteleial muscle cells 



(SMC), adipocytes (APC), cardioniyocyies (CMC) and vascular 
smooth muscle cells (VSMC) in comparison lo unireaied cultures is 
shown. ± = No elTect; - = inhibition; — = strong inhibition; + = 
induction; = strong induction. Black bars indicate induction of 
differential ion. Bars = 50 ^im [original data: Wobus ct al., 1994b, 
1997; Strubingctal., 1995; Dani ei al., 1997; Drab etal., 1997]. 
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tion and inhibition of cardiogenesis may be both caused 
by a posteriorizing effect of RA treatment at this (early) 
stage of development. 

Treatment of ES cell-derived embryo Id bodies from 
day 2 to 5 with 10"^ M RA still resulted in induction of 
neurogenesis and inhibition of cardiogenesis. However, in 
addition, skeletal muscle cells [Wobus ei al,, 1994b] and 
adipocytes [Dani et al., 1997] were now induced (fig. 3). A 
time-dependent induction of skeletal muscle cells was also 
described for EC cells [Edwards and McBtimcy, 1983; 
Edwards et al„ 1983; Rudnicki and McBumey, 1987], 
Skeletal muscle cells and adipocytes originate from the 
dorsal som^^ic mesoderm and probably share the same 
mesodermal stem cell precursors [Taylor and Jones, 
1979], whereas cardiomyocytes are derived from lateral 
plate mesoderm. Induction of skeletal muscle cell differ- 
entiation and inhibition of cardiomyocyte differentiation 
at the same time indicates that a developmental switch 
may take place at this stage. Inhibition of cardiomyocyte 
differentiation can be obtamed by treatment of cmbryoid 
bodies with RA between day 0 and 2 and between day 2 
and 5. Indeed, during these stages of embryoid body dif- 
ferentiation expression of mesodermal marker genes such 
as Brachyury and BMP-4 showed a maximum [Rohwedel 
et al., 1998a], suggesting that mesodermal spccificaiion 
takes place. 

When embryoid bodies were treated with 10"^ AfRA 
after day 5, myogenic and adipogcnic differentiation was 
found to be inhibited, but differentiation of cardiac [Wo- 
bus et al., 1997] and of vascular smooth muscle cells 
[Drab et al., 1997] was induced (fig. 3), Similariy, EC cells 
have been induced to difierentiate into vascular smooth 
muscle cells fBlank et al., 1 995]. Induction of cardiac dif- 
ferentiation^was even more prominent after treatment of 
embryoid bodies with 10-^ M RA (fig. 3). Thus, RA treat- 
ment after day 5 of embryoid body development resulted 
in an opposite effect compared to treatment between 
day 2 and 5. Similarly, in vivo, treatment of mouse 
embryos at day 8.5 (in comparison to day 7.3) resulted in 
an anteriorizing instead of a posteriorizing effect on axis 
formation (fig. 2). 

It had already been reponed more than 40 years ago 
that vitamin A deficiency in vivo resulted in abnormal 
development of the ventricular chamber of the heart [Wil- 
son and Warkany, 1949]. In yitro, ES cell-derived cardio- 
myocytes undergo specialization into atrial-, ventricular-, 
sinusnodal- and Purkinje-iike cells [reviewed by Wobus 
and Guan, 1998], Therefore, we asked the question of 
what type of specialized cardiac cells was induced by RA. 
Expression of the ventricle-specific gene MLC-2V was 
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found to be upregulated during RA-induced cardiogenic 
ES cell differentiation (fig. 4). Upregulation of this gene 
and an increase of the amount of ventricle cells [Wobus et 
al., 1997] indicated a specific effect of RA on cardiac 
development. In vivo, abnormal development of the ven- 
tricular chamber of the heart, very similar to the pheno- 
type reported for vitamin A-deficiency [Wilson and War- 
kany, 1949], was observed in mice lacking the RXRa 
nuclear receptor [Kastner et al., 1994; Sucov et al., 1994]. 
Furthermore, ventricular defects with a milder pbcnotypc 
compared to RXRa-'- mice were found in RARct/RARP 
double-mutant mice [Lee et al., 1997]. These results dem- 
onstrate that RA plays an important role dtiring forma- 
tion of the ventricular chamber. In addition to this major 
defect, mice deficient for RXRa and RARa/RARp-dou- 
ble mutants [Gruber et al., 1996; Lee et al., 1997] showed 
abnormal development of the conotruncus, the atrioven- 
tricular canal and the aortic sac (fig. 5). 



Induction of Differentiation and 
Anti carcinogenic Activity of RA 

As mentioned above, RA is able to induce differentia- 
tion of teratocarciDOma-dcrivcd EC cell lines. Similarly, 
other tumor-derived or transformed cell lines were in- 
duced to differentiate by RA. For example, the neuroblas- 
toma-dcrivcd cell line NB2a can be induced to form 
branching neurites [Shea et al.. 1985], and the leukemia 
cell line HL-60 was differentiated into granulocytes by 
treatment with RA[Bollag, 1994], Induction of differenti- 
ation was most efticient when retinoids were combined 
with cyiokines such as interleukines or tumor necrosis fao- 
tor-a [Lotan, 1980; BoUag, 1994]. During the last years, 



Fig. 4. RA ireatm<snt resulted in enhanced developmeni of vemhcie- 
like ceils during £S cell-derived cardiac differentiation. Enhanced 
activity of the reporter construct pGNA/MLC2. 1 coataining a ven- 
criclc-spccific promoter and the lacZ gc^ic (a-d) and enhanced 
expression of the endogenous ML C-2 P^gene encoding the ventricular 
myosin light chaia-2 isoform (e«f) during diiTerentlaiioa of a stably 
transfcctcd ES cell clone after treatment with lO-^ and 10"^ Af all- 
ifons RA m comparison to (untreated) control cells. Treatment of 
cmbryoid bodies fEBs) with 10'^ M^\-irans RA between days 5 and 
15 resulted in an increase of p-galactosidasc-positivc cells in EB out- 
growths (b) compared to unu-eated control cells (a) at day 15. The 
percentage of P^galactosidasc-positivc EBs (c) and the p-^lacto- 
sidase activity in relation to cellular protein concent (d) waa cvalu- 
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aied in conLrol and RA-ueated variants (lO-'andlO"^A/ all-franj 
RA). Each dala poini retrresenis ihe mean value ± standard error of 
tbe mean. Statistical significance was tested by Student's t test. Sig- 
nificance levels: • p £ 0.05; " p < 0.01; *** p £ 0,001 . The level of 
AfIC-2Kgcnc expression of 10"^ or 10"^ M RA-treatcd EBs and out- 
growths of the pGNA/MLC2.l-dcrivcd ES cell clone compared to 
control (untreated) cells analyzed by semiquantitative RT-PCR. Tbe 
ethidimn bromide-stained gels of PCR products (o) were analyzed by 



computer-assisted densitometry and the data were plotted (in %) for 
MLC-2V in relation to hypoxanthine guanine phosphoribosyl-trans- 
fcrasc (HPRT) gene expression, the latter used as an intcmal stan- 
dard (f). Similar data were obtained in two independent experi- 
ments, and for the densitometrlc evaluation three independent gels 
were analyzed from the eitperimcnt shown in e. MW Molecular 
weiglit markers. Bar (a. b) = 100 jim [c-f; original data from Wobus 
eial., 19971. 
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Fig. 5. Mice lacking the RXRa retinoid receptor display defects of 
heart development regarding mainly the ventricular chamber but 
also the endocardial cushions. Defects observed in beans of mice 
deficient for Che nuclear RA receptor RXRa aiid 'm RARo/RARP 
double-mutant mice include abnormal development of (1) the ven- 
tricular chamber including ventricular septal defetU (VSD), hypo- 
plastic venmcular wall and abnormal differeatiation of tnibeculac 
and papillary muscles, (2) the aonicopulinanary septum with an aor- 
ticopulmonary window (AoPW) or persistent truncus arteriosus, 
(3) the conotruncus wiih absence of conotruncaJ ridges or double out- 
let right ventricle (DORV) and (4) the atrioventricular cushions with 
a common atrioventricular canal or cleft valves (CV). Ao = Aorta; Pu 
= pulmonalis; RV ^ right ventricle; LV = left ventricle [modified 
from Gruber ct aL, 1 996]. 



aH-trans RA has been established as a successful thera- 
peutic agent in the treatment of acute promyclocytic leu- 
kemia in himians [Huang ei al., 1988; Degos et al., 1990]. 
Furthenno^'e, retinoids have been shown to prevent can- 
cer developrncnt in head/neck and lung cancer patients 
[Lotan, 1996]. Inhibition of proliferation and induction of 
differentiation of tumor cells by RA may both rely on the 
ability of RA to modulate gene expression as discussed 
below. 



Molecular Mechanisms of RA Action 

The discovery of cellular RA-binding proteins 
(CRABP) and most importantly the nuclear RA receptors 
(with the isotypes RARo, y and RXRa, y) has signifi- 
cantly contributed to our understanding of how RA regu- 
lates gene expression during embryogenesis (reviewed by 
Mangelsdorf et al., 1995; Chambon, 1996]. Inactivation 
of the receptor genes in mice via homologous recombina- 
tion in ES cells demonstrated that the function of CRAB- 
PI and CRABPII is dispensable [Goiry et al., 1994], 
whereas among the nuclear receptors particularly RXRa/ 
RAR heterodimers seem to be essential for RA signalling 
[Chambon, 1996; Kastner et al., 1997]. Phcnotypic alter- 
ations in mice including almost all of the abnormalities 
observed after postnatal vitamin A deficiency were ob- 
served in RAR mutants [Kastner et al, 1 995], The defects 
regarding heart development in RXRa-deficient mice 
have been discussed above. The following model for RA 
signalling is proposed (fig. 6): RA binds to CRABP that 
interact with the nuclear RA receptors. All-trans RA binds 
to RAR and 9-cis RA to RXR and RAR nuclear receptors. 
Homodimers of RXR or RAR/RXR heterodimers bind 
via a DNA binding domain to specific sites, the so-called 
RA response elements. RA response elements are com- 
posed of direct repeats of the sequence PuG[G/T]TCA 
separated by 1, 2 or 5 basepairs, and are located upstream 
of the target genes. Binding of the nuclear receptors then 
results in transcription initiation of the target gene. 

The pleioiropic effects of RA on different processes 
during development and differentiation can be explained 
by regulating gene expression via diverse combinations of 
RA receptors [Chambon, 1996]. A high level of com- 
plexity exists in the RA signalling pathway. Firstly, the 
different isoforms of RA (e.g. BUrtrans RA and 9-cis RA) 
may be combined in a regulated fashion. Secondly, the 
two families of RA receptors (RARs and RXRs) are com- 
posed of three isotypes (a, p and 7) with several isoforms 
which can be combined as different RAR/RXR hetero- 
dimers. Thirdly, an additional level of complexity is gen- 
crated by the formation of functionally active heterodi- 
mers of RXRs with other nuclear receptors and by inter- 
action of RARs and RXRs with other factors that induce 
or inhibit gene expression [Chambon, 1996]. Various cell 
types express different combinations of RA receptors. For 
example, in EC cells of lin c P 1 9, the RA receptor RARo, p 
and Y genes were found to be differentially expressed dur- 
ing differentiation [Kruyt. et al., 1991; Jonk et al., 1992]. 
Diuing the process of aggregation-mediated endodermat 
or mesodermal differentiation, no significant alterations 
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Hg. 6. Mechanism ofaciion of RA aiid RA-signaJling cascades. Via binding lo CRABP sM-iran^ RA is iransfcrrcd to 
RaR, and 9-m RA to RXR and RAR nuclear receptors. RAR/RXR heterodimers (or RXR/RXR homodimers) bind 
via a DNA bin ding domain to specific sites, the so-called RA response clcmenuj (RARE) upstream of tai^ei genes 
{accordingtoChambon, 1996J. 



in mRNA levels for the RA receptors RARa, p or y could 
be detected. However, during neuroccioderinal differenti- 
ation, a strong upregulation of RARa and p, but a rapid 
downregulation of RARy mRNA was found, suggesting a 
role for RARa and RAR3 during neuroectodermal differ- 
entiation. 

As mentioned above, mice deficient for RXRa showed 
cardiac defects, mainly iii the ventricular chamber, 
whereas mije with single RA receptor gene mutations in 
either the RARa, 0, y or RXRp and y genes did not show 
any cardiac phenotype [Lee ei al., 1997], However, when 
differem RA receptor gene mutations were combined, 



specific defects were observed [Lee et aL, 1997], suggest- 
ing a specific function of different receptor combinations 
during heart development. 

RA might directly act via RA receptor on target genes 
that play an important role during neuroectodermal dif- 
ferentiation. Using a subtracuve hybridization cloning 
strategy RA-inducible genes were isolated from EC cells 
of line P19 [Bouillet et al., 1995]. One of these genes, 
Stral3 encoding a basic helix-loop-helix protein, is main- 
ly expressed in neuroectoderm during mouse embryogen- 
esis [Boudjelal et al., 1997]. Overexprcssion of Stral3 in 
EC cells of line P 19 resulted in induction of neuronal dif- 
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ferentiation and altered expression of mesodermal and 
neuronal marker genes [Boudjelal ct al, 1997]. Thus, this 
gene is a good candidate for functioning as a repressor of 
mesodermal and an inducer of neuroectodennal differen- 
tiation. 

With new strategies for gene isolation and identifica- 
tion, RA-induced EC and ES cell-derived differentiated 
phenotypes may help in the future to identify more RA- 
specific target genes. Exploring the function of Such genes 



should help lo dissect ihc complex RA signalling path- 
ways and the mechanisms of action of RA on differentia- 
tion and embryonic development. 
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